Secondary caries is the most common cause of dental restoration failures. This study aimed to compare the diagnostic accuracy of conventional and digital intraoral radiography and cone beam computed tomography (CBCT) for detection of recurrent caries around composite restorations. mesio-occluso-distal (MOD) cavities were prepared using bur on 45 extracted sound human molar teeth. The teeth were divided into 3 groups. In the control group, cavities were restored with composite resin after etching and bonding (n=15). In Group 2, 500-μm thick wax was placed over the buccal, lingual and gingival walls and the cavities were restored with composite resin. Group 3 specimens were subjected to pH cycling and artificial caries were created on the buccal, lingual and gingival walls. The cavities were restored with composite. Conventional and digital photo-stimulable phosphor (PSP; Optime) radiographs and two CBCTs images (NewTom 3G and Cranex 3D) were obtained from them. Presence or absence of caries in the cavity walls was assessed on these images. Data were analyzed using Kappa statistic. The diagnostic accuracy of CBCT was significantly higher than that of digital and conventional intraoral radiography (p<0.05). The accuracy was 0.83, 0.78, 0.55 and 0.49 for CBCT Cranex 3D, CBCT NewTom 3G, conventional and digital intraoral radiography, respectively. CBCT has a higher diagnostic accuracy than digital and conventional intraoral radiography for detection of secondary caries around composite restorations.
Introduction
Despite the advances in composite restorative materials and dentin bonding systems, secondary caries is still a main cause for failure of resin restorations (1, 2) . Accurate, early detection of recurrent caries is the key for success and longevity of dental restorations. Radiography is among the most important techniques for detection of caries, particularly in the posterior teeth (3) . Secondary caries are defined as carious lesions developed at the margins of existing restorations (3, 4) . These carious lesions are formed as extrinsic lesions. Histopathologically, they resemble the primary caries; however, the walls of the secondary carious lesions are thinner than those of the primary caries that develop within ftthe enamel or dentin (5) . The primary diagnosis of recurrent caries around composite restorations is especially important because these restorations lack selfsealing and antibacterial properties . Resin restorations of the posterior teeth must be radiopaque because detection of marginal defects, overhangs and secondary caries around these restorations highly depends on the radiopacity of these restorations (6) . Diagnosis of secondary caries at the interproximal surfaces is extremely difficult unless the carious lesion is large enough or has resulted in loss of tooth structure (7) (8) (9) . Considering the high prevalence of secondary caries and the importance of preserving tooth vitality, early detection of these lesions is of utmost importance to prevent further extension.
CBCT is a high-quality radiography for diagnosis and treatment planning. This imaging modality provides threedimensional (3D) images of axial, coronal and sagittal planes with excellent submillimeter resolution (10) . CBCT has been suggested as a suitable tool for detection of small carious lesions (11) . Intraoral radiography provides 2D images of the teeth and thus, caries on the buccal and lingual walls cannot be detected using this technique; late or no diagnosis of these lesions may lead to pulp involvement.
In the literature, studies comparing the detection of recurrent caries around composite restorations using CBCT and intraoral radiography are scarce. The current study aimed to compare the diagnostic accuracy of different CBCT systems with analog and digital intraoral radiography for detection of secondary caries around composite restorations.
Material and Methods
The research protocol was approved by the Institutional Ethics Committee of the Vice Chancellor of Research, Hamadan University of Medical Sciences (Protocol No:2014-16p 142). Forty-five extracted human molar teeth were collected and disinfected with 5.25% sodium hypochlorite and stored in saline solution. Teeth with caries, fracture, previous restorations or cracks were excluded.
Using an 008 fissure bur (Tizkavan, Tehran, Iran), MOD cavities with 2-mm occlusal width, 3-mm gingival width and gingival floor 1 mm below the cementoenamel junction were prepared in all teeth. After cavity preparation, the teeth were divided into three groups of 15 each. Group 1 was considered as the control group (n=15) and the cavities were etched with 36% phosphoric acid (3M ESPE Dental Products, St. Paul, MN, USA) for 15 s, rinsed and dried. Bonding resin (Single Bond; 3M ESPE) was applied according to the manufacturer's instructions and light cured for 10 s using Demi LED light curing unit (Kerr Corp., Orange, CA, USA). Dialog composite (Dialog Schutz Dental GmbH, Rosbach, Germany) was incrementally (horizontally) applied in 4 1.5-mm thick layers and cured for 40 s using the light-curing unit. After restoring the cavities, the teeth were stored in water at 37 °C. In Group 2, cavities were prepared and according to previous studies (1, 12) , a wax sheet 500 μm thick measuring 2 x2 mm was randomly placed over the walls to simulate secondary caries. The cavities were then restored as in the control group. In Group 3, secondary caries was artificially created on the walls using pH cycling method with a cariogenic solution (13) . In this group, all tooth surfaces except for the selected walls were coated with nail varnish for the cariogenic solution to exert its effect only on the selected walls. Thus, carious lesions were only induced on the respective walls. day in the remineralizing solution at 37 °C for two weeks, induce carious lesions on the respective walls. Based on a previous study, pH cycling causes 500-μm deep caries in dentin (13) ; this depth of caries was equal to the thickness of wax used in Group 2. After pH cycling in Group 3, nail varnish on the remaining surfaces was gently removed with bur and the cavities were restored as in other groups.
Specimens in the Groups 2 and 3 were divided into three subgroups (n=5) to induce caries. Carious lesions were induced in the buccal and lingual walls in the first 5 specimens, in the buccal and gingival walls in the second 5 specimens, and in all gingival, buccal and lingual walls in the final 5 specimens.
Finally, all teeth were mounted in 6 red wax blocks in the form of mandible in separate rows (7 or 8 specimens in each row). To recognize the teeth on the radiographs, each wax block was coded with a metal wire.
Digital intraoral radiographs ( Fig.1 ) were obtained using PSP system (Digora Optime; Soredex, Tsuula, Finland). After fixing the sensor, the tube was adjusted to a 30 cm focal distance and the exposure was done using Minray dental X ray unit (Soredex) operating at 0.06 s, 6 mA and 60 kVp.
Analog intraoral radiographs were obtained using E-speed film (Kodak, NY, USA) and the same dental X-ray unit and adjustments, except for the exposure time (0.25 s). To match the film processing conditions, all films were processed using the same processor (HOPE Dentemax, Warminster, PA, USA) and fresh solutions (Fig. 2) .
CBCT systems have a minimum exposure setting for imaging (i.e. 90 kVp for Cranex 3D). Also, in this study, the teeth were mounted in wax and there was no hard or soft 
Results
The inter-observer agreement between the first and the second observer was calculated to be 0.79 according to Kappa statistic for different radiographic techniques; which indicates excellent agreement between the observers. Sensitivity, specificity, positive and negative predictive values and the overall diagnostic accuracy for each radiographic technique are shown in Table 1 . As seen in Table  1 , the highest and the lowest diagnostic accuracy were for CBCT Cranex and the PSP digital radiography, respectively. Table 2 shows the sensitivity, specificity, positive and negative predictive values and the overall diagnostic accuracy for each cavity wall. In analog and PSP digital intraoral radiographs, only the gingival wall carious lesions were evaluated due to their 2D nature. No significant difference was found in the diagnostic accuracy of CBCT Cranex and CBCT NewTom for the assessment and detection tissue around teeth (like in the clinical setting) to attenuate the beam. Thus, in order to simulate the in-vivo conditions, specimens mounted in each mandible were placed in 1 L water container and then the exposure was made. CBCT images were then obtained of all teeth using New Tom 3G CBCT system (Verona, Italy) at the exposure settings of T=0.6 s, 1.80 mA and 110 kVp and also the Cranex 3D CBCT system (Soredex) at the exposure settings of T=14 s, 6 mA=and 90 kVp.
Radiographs obtained with New Tom 3G were entered into NNT Viewer software (Newtom, Verona, Italy) (Fig. 3) , while radiographs obtained with Cranex 3D were entered into OnDemand 3D Dental software (Cybermed, Seoul, Korea) (Fig.4) and were evaluated by two observers in sagittal, axial and coronal planes. Data were recorded in a check list.
Since the buccal and lingual caries could not be observed on analog and digital intraoral radiographs, only the gingival wall carious lesions were assessed; while on CBCT images obtained with both systems, carious lesions on all three walls were evaluated.
After taking the radiographs, specimens with artificial caries induced by the cariogenic solution (Group 3) were sectioned at the restoration site using a diamond disc of recurrent caries in buccal, lingual and gingival surfaces (p=0.190 and 0.217, respectively). Table 3 summarizes the sensitivity, specificity, positive and negative predictive values and the overall diagnostic accuracy for each type of caries.
Based on the results, the diagnostic accuracy of all imaging techniques in Group 2 was higher than the one in Group 3. In Group 2, the highest diagnostic accuracy was for CBCT NewTom while in Group 3, the highest diagnostic accuracy was for CBCT Cranex.
Discussion
Observation and detection of recurrent caries in interproximal surfaces is clinically difficult; these carious lesions are often detected radiographically. Intraoral bitewing radiography is the most commonly used radiographic technique for detection of these lesions; however, recent evidence shows that this technique has relatively low sensitivity and specificity for this purpose (1, 14, 15) .
In previous studies (12) , wax has been used to simulate secondary caries around restorations for the assessment of sensitivity and specificity of different radiographic systems. In the current study, in order to better simulate the clinical setting, pH cycling was used to induce artificial caries on the cavity walls. Previous studies have demonstrated that pH cycling for two weeks can cause 500 μm deep caries in the enamel and dentin (13) .
In the present study, CBCT Cranex 3D exhibited the highest diagnostic accuracy, while the PSP digital radiography had the lowest diagnostic accuracy. Although the PSP digital radiography has high diagnostic sensitivity, it has high frequency of false positive results, attributed to the defects in digital systems and application of different enhancement filters such as sharpness, which cause high contrast at the restoration-tooth interface, leading to the formation of pseudo caries on radiographs of the respective areas (10) .The high sensitivity of this system is due to the software features allowing adjustment of the contrast and density of images. Increasing the contrast enhances the detection of caries. However, such image manipulation may cause pseudo-caries and increase the frequency of false positive results (10) .
In comparison between the two CBCT systems evaluated in the present study, Cranex 3D had higher diagnostic accuracy than New Tom 3G CBCT; the reason could be the different voxel sizes and type of detectors in the two systems. In Cranex 3D system, the voxel size is 200 μm in a 6x8 cm field of view (FOV) and 0.133 μm in a 4x6 cm FOV. But in New Tom 3G system, the voxel size is 210 μm; this factor affects the spatial resolution and the quality of the reconstructed images. Smaller voxel size results in higher resolution of the final image (16) . Moreover, the detector in the Cranex 3D system is CMOS and in the New Tom 3G CBCT the detector system is Image Intensifier plus Charge Coupled-Device (II/CCD). In systems using intensifier plates, image resolution decreases due to light emission (11) .
Different sensor types, FOVs and exposure settings are used in CBCT systems. However, beam hardening and metal artifacts in CBCT scans complicate the detection of recurrent caries around restorations (12, 16 ).
In the current study, similar to the study by Haak et al, no statistically significant difference was noted between PSP digital radiography and analog systems in detection of recurrent caries around composite restorations. They concluded that the accuracy of detecting marginal defects around composite restorations was slightly influenced by the type of radiographic system (analogue or digital) (1).
Qu et al. (17) reported no significant difference was found among different CBCT systems for detection of proximal caries; this finding is in contrast to the present study results. In the current study, Cranex 3D system had a higher diagnostic accuracy than NewTom. The difference between our results and those of Qu et al (17) . may be attributed to the different CBCT systems used (New Tom 9000, Accuitomo 3DX, Kodak 9000, Promax 3D DCT PRO) and the fact that in this study, secondary carious lesions were evaluated while in their study, the primary proximal carious lesions were assessed (17) .
The present study accepted the hypothesis stating the superior accuracy of CBCT over that of other radiographic techniques for detection of secondary caries. Different authors (12, (17) (18) (19) also reported the high accuracy of CBCT for detection of carious lesions compared with intraoral radiographic techniques.
In line with our findings, Abesi et al. (20) also demonstrated the low accuracy of conventional and PSP digital intraoral radiography for detection of caries.
The 2D nature of intraoral radiography limits the detection of carious lesions due to superposition. This explains the low sensitivity of intraoral radiography for detection of these caries.
Haiter et al. (11) indicated the low sensitivity of CBCT for detection of dental caries (44% sensitivity); this result is most probably due to the used CBCT system. They used a CBCT system with a large FOV (16 inches); which decreases the sensitivity of CBCT system (15) . Larger FOV of CBCT system results in lower image resolution (16) .
In the present study, the diagnostic accuracy of CBCT for detection of recurrent caries in buccal, lingual and gingival surfaces was not significantly different. However, the diagnostic accuracy for the buccal and lingual surfaces was greater than that of gingival surface (especially in Cranex 3D CBCT). Kappa values for buccal, lingual and gingival surfaces were 0.83, 0.89 and 0.76 respectively; the reason may be the different sections required for the assessment of these walls. Buccal and lingual carious lesions are better observed in coronal sections while gingival carious lesions are better detected in sagittal sections. Although in this study tooth surfaces in all sagittal, axial and coronal sections were evaluated, most cross-sectional slices are obtained coronally; this issue per se can affect the diagnostic accuracy at different tooth surfaces. In analog and PSP systems, only the gingival carious lesions were evaluated because these systems are 2D and do not allow evaluation of caries in the buccal and lingual surfaces. Nair et al. (21) reported that lesions in the gingival wall are detected much easier and more accurately by PSP digital radiography and CBCT systems.
In PSP digital radiography, although the sensitivity for detection of recurrent gingival caries is very high (even higher than that of CBCT systems), the specificity is low due to the high number of false positive results; the reason may be the enhancement filters in digital systems that may cause pseudo-caries (10) . The sensitivity of analog intraoral systems is lower than that of PSP; because in the analog systems the contrast or density of the image cannot be adjusted for better observation of details. However, they have a higher specificity than PSP due to less false positive results.
The diagnostic accuracy of all imaging techniques evaluated in the current study was higher in Group 2 (caries simulation with wax) than in Group 3 (caries induction with cariogenic solution); the reason is the different wax structure from that of actual caries. Also, the wax sheets applied had well defined borders that made them easily recognizable, whereas actual caries do not have well defined margins and the penetration depth of lesions into the tooth structure may vary at different points. Moreover, the composition of carious lesion is totally different from that of wax. Some previous studies have also used wax to create a lucent area beneath the restorations. In the mentioned studies, after cavity preparation, a hole is created by a bur (in dimensions similar to those of bur) at the pulpal floor of the cavity, which is then filled with wax. Using a bur for this purpose also causes a well defined simulated carious lesion (12) . These studies also confirmed that the lucency caused by wax (due to high contrast) was 2.92 times clearer than the lucency due to actual caries (22) .
In the current study, cariogenic solution was used to induce artificial caries on cavity walls. The ability to observe radiographically these caries was exactly the same as that of lucencies due to actual caries in the clinical setting; this issue makes our results more reliable than those of the wax technique used in previous studies.
In Group 2 (wax group) in the present study, the highest accuracy was by New Tom CBCT while in the pH cycling group (Group 3), the highest diagnostic accuracy was by Cranex 3D CBCT. Thus, it may be concluded that under in-vivo conditions, Cranex 3D has greater efficacy for detection of recurrent caries due to its higher resolution.
The high diagnostic accuracy of CBCT systems is due to the fact that they enable easy observation of all tooth surfaces in sagittal, coronal and axial planes and any gap or caries around the restorations are seen as lucent areas at the tooth-restoration interface. However, in metal restorations, metal artifacts on the cavity walls compromise accurate assessment of the walls for caries. Titanium and zirconia restorations as well as composite resins containing a minimum of 20% AlSiO 2 cause clear artifacts on CBCT scans. The intensity of artifacts increases by an increase in the radiopacity of composite resins (23) . In the present study, the cavity walls were easily assessed due to the absence of artifacts.
Although CBCT does not have many of the disadvantages of intraoral radiography, it should be noted that patient radiation dose is higher in CBCT compared to intraoral and panoramic radiography (24) . Therefore, available CBCT images taken for various purposes should be used only if conventional methods do not have sufficiently high diagnostic accuracy.
In conclusion, it may be stated that CBCT has a higher diagnostic accuracy than digital and conventional intraoral radiography for detection of secondary caries around composite resin restorations.
Resumo
A causa mais comum de falha das cáries dentais são as cáries secundárias. Este estudo objetivou comparar a acurácia diagnóstica da radiografia intraoral digital e convencional com a tomografia computadorizada de feixe cônico (TCFC) para a detecção de cáries recorrentes em torno restaurações com compósitos. Cavidades mésio-oclusais-distais (MOD) foram produzidas com broca em 45 molares hígidos humanos extraídos. Os dentes foram dividdos em 3 grupos. No grupo controle, as cavidades foram restauradas com compósito após condicionamento e colagem (n=15). No Grupo 2, foi aplicada uma camada de cera de 500 µm de espessura sobre as paredes bucais, linguais e gengivais; as cavidades foram então restauradas com resina composta. No Grupos 3, as amostras foram submetidas a ciclagem de pH e criação artificial de cáries sobre as paredes bucais, linguais e gengivais; as cavidades foram então restauradas com resina composta. Radiografias convencional e digital com fósforo foto-estimulável (PSP, Optima) e duas imagens em TCFC (NewTom 3G e Granex 3D) foram obtidas de cada amostra. A presença ou não de cáries foi avaliada nestas imagens. Os dados foram analisados por estatística Kappa. A acurácia diagnóstica da TCFC foi significantemente (p<0,05) maior que na radiografia intraoral convencional e digital. A acurácia foi de 0,83, 0,78, 0,55 e 0,49, respectivamente para TCFC Cranex 3D, TCFC NewTom 3G, a radiografia intraoral convencional e digital. A TCFC tem maior acurácia diagnóstica que a radiografia intraoral convencional e digital para detecção de cáries secundárias em torno de restaurações com compósito.
